Aims: To determine the biodiversity of rhizobial strains nodulating Cicer arietinum L. in representative soils from various areas of Morocco. Methods and Results: Symbiotic traits, utilization of 49 carbohydrate sources, resistance to antibiotics and heavy metals, tolerance to salinity, to extreme temperatures and pH were studied as phenotypic markers. In addition, restriction fragment length polymorphism (RFLP) of PCR-amplified 16S rDNAs were compared with those of reference strains. Numerical analysis of the phenotypic characteristics showed that the 48 strains studied fell into three distinct groups. RFLP analysis of 16S rRNA genes revealed an additional heterogeneity and four ribotypes were identified.
INTRODUCTION
Chickpea is an important legume food crop in many developing countries, and substantial research programmes are being carried out to improve its yield, disease resistance and nutritional value. In Morocco, during the last decade, the chickpea crop has been progressively extended from semi-arid to arid areas where edapho-climatic conditions such as salinity, pH and temperature may have an adverse effect on the establishment of functional nitrogen-fixing symbiosis (Lauter et al. 1981; Singleton and Bohlool 1984) . Although inoculation with non-native strains of chickpea rhizobia is used to improve the production of this crop, the yield obtained in those regions is still low. The yield is not only limited by N 2 -fixing potential of the chickpea-rhizobia symbiosis but also by the osmotic stress prevailing in those areas and the lack of adaptability of both symbionts may be important limiting factors. Arid soils may contain strains well-adapted to extreme environmental stresses such as drought, high soil temperature or pH (Mpeperki et al. 1997) . These strains should be isolated and are worthy of being evaluated for use as chickpea inoculants in the extensive arid areas of Morocco.
Chickpea nodulating bacteria are highly specific for their host plant. Gaur and Sen (1979) showed that all chickpea rhizobia tested in cross-inoculation experiments were able to nodulate only the original host plant Cicer arietinum, thus clearly demonstrating that these rhizobia represent a distinct cross-inoculation group. As these bacteria do not show any serological cross-reaction with known rhizobia species, they are unique (Dadarwal 1980; Kingsley and Bohlool 1983) . However, in most published data concerning these rhizobia, a large amount of heterogeneity has been noted and has led to contradictory conclusions. Based on their generation times, Crow et al. (1981) and Jarvis et al. (1982) classified fast-growing strains of these rhizobia as Rhizobium loti, while slow-growing strains were tagged as Bradyrhizobium spp. (Jordan 1982 (Jordan , 1984 . Moreover, Chakrabarti et al. (1986) found very low levels of DNA-DNA homology between slow and fast-growing chickpea strains, thus supporting the subdivision of these bacteria into two genera. Conversely, Cadahia et al. (1986) investigated the cultural characteristics and polymorphism of nif HD genes and concluded that chickpea nodulating strains cannot be subdivided into two distinct groups despite the existence of slow and fast growers.
These contradictory conclusions about the traits and classification of chickpea rhizobia led Nour et al. (1994a Nour et al. ( , 1994b Nour et al. ( , 1995 to re-examine the biodiversity of these rhizobia through different taxonomic and phylogenetic approaches and phenotypic traits. These studies were carried out on only 16 strains collected from different regions of the world, but allowed the description of two species: Rh. ciceri and Rh. mediterraneum. Two years later, these species were removed from the Rhizobium genus and included in the new genus, Mesorhizobium, as described by Jarvis et al. (1997) .
In this work, we have isolated bacteria nodulating chickpea from soils of various arid and semi-arid areas of Morocco and evaluated their biodiversity. Analysis of auxanographic and symbiotic characteristics, together with restriction fragment length polymorphism analysis of the PCR-amplified 16S rRNA genes allowed us to identify effective and competitive strains tolerant to various climatic conditions and to show great diversity among these rhizobia.
MATERIALS AND METHODS

Bacterial strains and culture conditions
Strains of rhizobia were isolated from root nodules on young plants of two chickpea (Cicer arietinum L.) cultivars grown in soil samples collected from various regions of Morocco. All isolates studied are listed in Table 1 .
The yeast extract-mannitol (YEM) medium was routinely used for isolating, purifying and cultivating these rhizobia (Vincent 1970) . All strains were stored in 40% (v ⁄ v) glycerol at )20°C.
Symbiotic traits
In order to assess their infectivity and effectiveness in fixing atmospheric nitrogen, each strain was grown on YEM liquid medium to logarithmic phase (10 9 cell ml
) and inoculated to aseptic germinated seeds of chickpea placed in pots (three seedlings per pot) containing sterilized and nitrogen-free sand. The experiment was statistically laid out with three replications using a randomized block design. As controls, each block contains two pots (T 0 and T N ) with noninoculated seedlings. Plants were sprayed with sterile distilled water every two days, in addition to being provided once a week with a nitrogen-free nutrient solution (Broughton and Dilworth 1971) . Furthermore, the T N control received 0AE5& (w ⁄ v) KNO 3 as nitrogen source weekly. Plants were cultivated in a growth chamber under a 16 ⁄ 8 h light ⁄ dark cycle and 28 ⁄ 20°C day ⁄ night temperature. Nodule number and dry nodule and shoot biomass were recorded 45 days after planting.
Growth characteristics
For bacterial growth study, bacteria were cultivated initially in flasks containing 50 ml of YEM medium and incubated at 28°C on a rotary shaker (200 rev min )1 ). The cells, at the late growth phase, were used to inoculate new cultures to an initial optical density of 0AE1 (600 nm). Growth was followed by measurement of the optical density at 600 nm every 2 h. The generation time was calculated from growth in the logarithmic growth phase.
Physiological and biochemical tests
Except for carbohydrate assimilation, all the following tests were carried out in triplicate on YEM agar plates divided into 20 equal squares. Each square was spot-inoculated with 10 ll of the strain culture previously grown on YEM liquid 981, 982, 983, 984, 985, 988, 989, 9815, 9816, 9819, 9820, 9821, 9822, 9832, 9835, 9840, 9841, 9842, 9861, 9862, 9863, 9865 Semi-arid ). Inoculated plates were incubated at 28°C and, after seven days, the growth of colonies was monitored visually.
Temperature tolerance. Bacterial growth at different temperatures was determined on YEM agar plates inoculated as described above and incubated at the following temperatures: 5, 10, 15, 20, 25, 30, 35, 40 and 45°C. Salt tolerance. Tolerance to sodium chloride (NaCl) and calcium chloride (CaCl 2 ) was assessed through determining the growth on YEM solid medium supplemented with 0-4% (w ⁄ v) NaCl or CaCl 2 after 7 days incubation at 28°C. pH tolerance. Tolerance to extreme pH was tested on YEM agar medium set at different pH values, using the buffers MES (20 mmol l -1 ) (Sigma Chemical Co, St. Louis, MO, USA) for pHs ranging between 5AE5 and 6AE7, and adjusted with HCl for pHs lower than 5AE5, MOPS (20 mmol l -1 ) (Sigma Chemical Co, St. Louis, MO, USA) for pHs ranging between 6AE7 and 7AE9 and adjusted with NaOH for pHs up to 9AE5.
Intrinsic antibiotic and heavy metal resistance. Resistance to antibiotics and heavy metals were tested on solid YEM medium containing the following filter-sterilized antibiotics or heavy metals in lg ml )1 : kanamycin (50), streptomycin (100), rifamycin (100), ampicilin (50), chloramphenicol (20), spectinomycin (100), nalidixic acid (50), erythromycin (100) and tetracyclin (20); ZnCl 2 (50), CdCl 2 (20), NiSO 4 (100), CoCl 2 (25), HgCl 2 (10), AlCl 3 (250), Pb(CH 3 COO) 2 (250), CuCl 2 (50) and MnCl 2 (500). Strains were considered resistant when growth occurred and sensitive when no growth was detected.
Carbohydrate assimilation. The ability of strains to metabolize various substrates as sole carbon source was tested by using API gallery (API 50 CH; BioMérieux, France) as described by Kersters et al. (1984) . Inocula of strains to be tested were obtained from YEM agar plate cultures, bacteria were washed and resuspended in the following inoculation medium: (NH 4 ) 2 SO 4 , 2 g l -1 ; K 2 HPO 4 , 0AE2 g l -1 ; MgSO 4 AE7H 2 O, 0AE2 g l -1 and yeast nitrogen base, 2 g l -1 . After inoculation, galleries were incubated at 28°C and results were recorded after two, four and seven days.
Numerical analysis
Traits were coded 1 for positive and 0 for negative. The final matrix contained 48 isolates and 106 traits. A computer cluster analysis of 106 phenotypic variables was carried out using similarity coefficient and a phenogram was constructed by the unweighted pair group method with average (UPGMA) clustering method.
PCR-RFLP analysis of the 16S rRNA genes
Ten standard reference strains belonging to the genera Rhizobium, Mesorhizobium, Sinorhizobium, Bradyrhizobium and Agrobacterium were included in this analysis.
Regarding DNA extraction, strains were grown on agar slopes of TY medium (Beringer 1974) . Bacteria were then suspended in 20 ll lysis buffer (0AE05 NaOH, 0AE25% SDS) and boiled for 15 min The lysate was diluted in 200 ll distilled sterile water and spun in a microcentrifuge for 5 min.
Nearly full-length 16S rDNA gene regions were amplified from rhizobial strains using the primer pair 41f (5¢-GCTCAAGATTGAACGCTGGCG-3¢) and 1488r (5¢-CGGTTACCTTGTTACGACTTCACC-3¢) as previously described (Herrera-Cervera et al. 1999) . These primers were designed according to the corresponding sequence positions in Escherchia coli 16S rRNA. PCR amplification was performed in a 50-ll reaction mixture containing 1 · enzyme buffer, 1AE5 mmol l -1 MgCl 2 , 200 lmol l )1 dNTPs, 10 pmol of the primers, 2 U of Taq polymerase (BioTherm DNA Polymerase GeneCraft, Germany) and 2 ll of lysed cell suspension. Amplifications was carried out in a Hybaid PCR Express with the following temperature profile: 2 min at 94°C; 10 cycles of denaturation (40 s at 94°C), annealing (1 min at 60°C, lowering 1°C each cycle) and extension (2 min at 72°C); 25 cycles of denaturation (40 s at 94°C), annealing (1 min at 50°C) and extension (2 min at 72°C) and a final extension for 3 min at 72°C. Amplified DNA was examined by horizontal electrophoresis in 0AE7% agarose with 5 ll aliquots of PCR product.
Subsamples (10-12 ll) of the PCR products were digested separately with each of the following restriction endonucleases: Msp I, Hinf I, Taq I (Appligene oncor, France) Alu I and Hha I (New England Inc BioLabs, MA, USA) as specified by the manufacturer, but with an excess of enzyme (5 U per reaction). The restriction fragments were separated by horizontal electrophoresis in 3% agarose. The gels were run at 70 V for 5 h, stained in an aqueous solution of ethidium bromide and photographed.
Restriction fragment sizes were recorded and the strain profiles compared. The genetic distance of each pair of strains was determined as described by Nei and Li (1979) . The isolates were regrouped according to their RFLP patterns into rDNA types and compared with those of reference strains; a dendrogram was constructed from the distance matrix using the unweighted pair group method with averages (UPGMA) (Sneath and Sokal 1973) .
RESULTS
Symbiotic traits
Chickpea rhizobia showed a great diversity in their capacity to infect the host plant and to fix atmospheric nitrogen. The mean nodule number per plant varied from 11 for strain Rch 8 to 62 in the case of isolate Rch 988, which is more infective. On the other hand, shoot biomass, used as an indicator of relative effectiveness, indicated that strain Rch 126 was the most effective with an 88% dry biomass of the T N control. The least effective strain was Rch 9869 with only 43% of the dry biomass of the T N control. The dry biomass of T 0 control was 36% of the T N control.
Growth characteristics
About 8AE3% of the strains were fast-growing ones with a generation time (GT) lower than 3 h, 41AE7% were slowgrowing ones with a GT between 3 and 9 h, and 50% were extra-slow-growing bacteria with a generation time greater than 9 h.
Physiological traits and numerical analysis
The phenotypic traits of the 48 chickpea isolates are summarized in Table 2 . All strains grew in the control cultures (28°C, pH 7AE0 and 0AE1% NaCl). These physiological traits indicated a wide diversity amongst these rhizobia.
The dendrogram obtained from computer numerical analysis of 106 phenotypic traits placed these strains in three distinctive clusters at the 82% similarity level (Fig. 1) .
Cluster I was the largest with 34 strains originating from various locations. The isolates included in this cluster were characterized by diverse infectivity but most of them exhibited high effectiveness. All these isolates were either slow or extra-slow growers, and the majority of them were able to grow at pHs between 5 and 9AE5, at temperatures between 10°C and 35°C, and tolerated NaCl concentrations from 1 to 1AE5%. None of them could grow in the presence of calcium chloride. The growth of these isolates was fully inhibited by kanamycin, streptomycin, ampicilin, chloramphenicol, spectinomycin, Ni, Zn, Al, Co and Pb, but they were insensitive to nalidixic acid, Hg and Mn. Regarding carbohydrate assimilation, these bacteria were able to metabolize a wide range of carbon substrates.
Strains belonging to cluster II had an average infectivity and effectiveness and were extra-slow growers with a generation time greater than 9 h. The growth of these bacteria was inhibited by NaCl concentrations above 0AE5%, by acid as well as alkaline pHs and at temperatures below 20°C and above 30°C. They were generally sensitive to all antibiotics and heavy metals tested, except Co.
Cluster III contains four fast-growing isolates originating from the same soil (Kalaâ de Sraghna). They displayed poor symbiotic efficiency but exhibited a high tolerance to salinity, acidity, alkalinity and to heat. Cluster III strains were also resistant to all antibiotics and heavy metals tested.
Most of the 49 carbon sources tested were polyols and monosaccharides. Twenty-seven were assimilated by all strains, whereas 11 were not metabolized by any strain. Of the remaining substrates, no carbon sources were assimilated exclusively by one cluster, except b-methyl-xyloside which was used only by cluster III. However, the assimilation of some carbohydrates such as erythritol, a-methyl-glucoside, salicin, melibiose, D-raffinose and dulcitol could serve to distinguish between clusters I and II.
PCR-RFLP of 16S rDNA
The rDNA of all 48 chickpea rhizobial strains could be amplified with the ribosomal primers used. Gel electrophoresis of undigested PCR products revealed that all tested strains produced a single band of about 1500 bp. This size corresponded well to the expected size of the 16S rDNA genes of most members of the Rhizobiaceae (Laguerre et al. 1994) .
The PCR product derived from each strain was digested separately with five endonucleases and the resulting fragments were separated by electrophoresis. The PCR product length assessed by summing up the sizes of the restricted fragments, was also 1500 bp or shorter.
The five endonucleases tested generated three to seven fragments per profile and, depending on the enzymes used, four to seven electrophoromorphs were obtained. All analysed strains, including standard reference strains representing different species or genera, produced 10 distinct 16S rDNA electrophoromorphs (10 ribotypes) (Table 3) . Among the 48 isolates nodulating chickpea in Moroccan soils, four ribotypes were distinguished. Furthermore, the analysis of all restriction fragments from each strain based on the UPGMA UPGMA algorithm, confirmed the distribution of chickpea isolates into four clusters (Fig. 2) , which were consistent with the four ribotypes identified.
Compared to the reference strains belonging to recognized rhizobial species, all chickpea isolates fell into two genera. The 44 strains included in groups 1, 2 and 3 clustered with Mesorhizobium, and the four strains in group 4 clustered with Sinorhizobium.
Restriction patterns of cluster 1 strains (ABAAA) were similar to those of Mesorhizobium ciceri and patterns of cluster 2 (ABBAA) were similar to those of Mesorhizobium loti (Table 3 ). The ribotypes of these two latter clusters were differentiated only after digestion with endonuclease Hinf I. However, all strains included in these clusters were placed in the same phenotypic group (cluster I, see Fig. 1 ). Strains belonging to cluster 3 showed a close relationship with *n ¼ is the total number of isolates per cluster and the column numbers are those of the isolates giving a positive reaction. substrates utilized or not utilized by all strains were omitted from the table. Note: Clusters I, II and III are as defined in Fig. 1 . Fig. 1 Dendrogram highlighting the phenotypic similarities among rhizobium strains isolated from chickpea from different areas of Morocco Mesorhizobium mediterraneum, whereas those of cluster 4 closely resembled S. meliloti (Table 3 ). In the previous phenotypic study, clusters 3 and 4 were identified as groups II and III, respectively.
DISCUSSION
Although phenotypic and genotypic approaches provided very different information on the chickpea rhizobia strains, they were similarly sensitive in demonstrating the large diversity found amongst these bacteria.
All tested strains were able to infect their host plant and to fix atmospheric nitrogen leading to plant shoot production above the noninoculated and nitrogen-free controls. However, strain effectiveness decreased from cluster I to cluster III. Efficient strains that gave more than 80% dry biomass yield could be used in field inoculation trials. Many researchers such as Rupela and Beck (1990) underlined the beneficial effects of inoculation with selected rhizobial strains on chickpea yield, especially when cultivated on poor soils or those lacking specific rhizobia.
The growth rate of strains allowed the discrimination between clusters II and III, defined as extra-slow and fastgrowing isolates, while strains of cluster I were subdivided into slow and extra-slow growers. The existence of slow and fast-growing strains among chickpea rhizobia has been shown previously (Okon et al. 1972; Chakrabarti et al. 1986; Nour et al. 1994a Nour et al. , 1994b .
Physiological traits, in particular those relating to adaptation to temperature, pH and salinity may be distinctive features. Although the growth temperature of strains belonging to cluster I, as is the case of most Rhizobium spp. (Graham 1992 ) and chickpea rhizobia (El Sheikh and Wood 1989; Nour et al. 1994a) , varied between 37°C and 10°C, some of our isolates (cluster III), like most Sinorhizobium species (Lindström and Lehtomäki 1988; De Lajudie et al. 1994 ), could grow above 40°C. In contrast, growth of strains in cluster II were severely inhibited below 20°C and above 30°C. Strains in cluster III, isolated from an arid region (Kelaâ de Sraghna), were more tolerant to high temperatures than their counterparts from arid and subSaharan areas (Marrakech, Ouarzazat and Errachidia). This may indicate that temperature tolerance is not correlated with the isolation site.
According to Jordan (1984) , slow-growing strains appear to be more tolerant to low pH than fast-growing strains. However, some fast-growing strains such as Rhizobium tropici and Mesorhizobium loti can grow at a pH as low as 4 (Cooper 1982; Cunningham and Munns 1984; Graham 1992; Gao et al. 1994) . In our study, no correlation was observed between the slow-and fast-growing isolates with regard to their pH tolerance. Of the 48 tested strains, only two fast-growing isolates from cluster III were able to grow at pH 4. The remaining strains grew within the pH range 5-9AE5, as reported for chickpea rhizobia (Nour et al. 1994a) .
The chickpea rhizobia isolates also exhibited a wide variation in their salt tolerance, even among isolates from the same site. As reported for many Rhizobium spp. (Graham and Parker 1964) , most of our strains appear to be sensitive to salts and were unable to grow in a culture medium containing 1AE5% NaCl. However, as suggested by El Sheikh and Wood (1989) and Odee et al. (1997) , we found that fastgrowing strains were generally more tolerant to high salt concentrations than slow-growing strains. On the other hand, it seems that saline soils naturally select more salttolerant strains. Indeed, all isolates of cluster III and most of those of cluster I which tolerate 1AE5% NaCl and higher concentrations were isolated from saline soils. Regarding the intrinsic resistance to antibiotics, it has been reported that fast-growing strains are more sensitive to antibiotics (Jordan 1984) than slow-growing rhizobia (Madrzak et al. 1995) . Conversely, in our study, chickpea rhizobial strains which are a mixture of fast, slow and extra-slow growers, showed a wide range of behaviour with regard to antibiotics and heavy metals. These results may indicate that the tolerance of strains to antibiotics and heavy metals is not correlated with their growth rate, but it could also be related to the bacterial species. Stowers (1985) and van Rossum et al. 1995) reported that fast-growing rhizobia could metabolize a wider range of carbon substrates than slow-growing rhizobia. In contrast, our results which are in agreement with those of Nour et al. (1994a Nour et al. ( , 1994b , showed that chickpea rhizobia strains from Morocco (more than 90% of them being very slow growers), could utilize a broad range of carbohydrates. On the other hand, some carbon sources such as b-methyl-xyloside and amethyl-glucoside were exclusively metabolized by some stains of cluster III and cluster I, respectively.
The polymorphism of 16S rRNA genes is a useful method for grouping new isolates and for assessing their phylogenetic positions (Laguerre et al. 1994; Wang et al. 1998 Wang et al. , 1999a Wang et al. , 1999b . The PCR-RFLP analysis of 16S rRNA genes of chickpea rhizobia led to the identification of four ribotypes that appear to represent two distinct genera, Mesorhizobium and Sinorhizobium. Ribotypes 1, 2 and 3, corresponding to the majority of our isolates, are closely related to Mesorhizobium ciceri, Mesorhizobium loti and Mesorhizobium mediterraneum, respectively. These results were consistent with previous reports which showed that chickpea rhizobia are more closely related to Mesorhizobium species (Nour et al. 1994b (Nour et al. , 1995 Jarvis et al. 1997) . Phenotypically, isolates of cluster 1, 2 and 3 also had the traits of the Mesorhizobium genus, since they had moderate to slow growth rates and produced acid on YEM medium (Jarvis et al. 1997) . In agreement with the results of the latter, we noted a high similarity between strains related to Mesorhizobium ciceri and those related to Mesorhizobium loti. Phenotypically, they are distributed in the same cluster I, however, strains related to Mesorhizobium loti were highly tolerant to pH 4AE5. Strains belonging to ribotype 4 appear to be more closely related to S. meliloti. Phenotypic analysis confirmed also that these strains were distant from the remaining isolates, particularly with respect to their fast growth, their tolerance to high concentration of NaCl and their resistance to the majority of antibiotics and heavy metals tested.
Formerly, bacteria that could establish an effective symbiosis with chickpea were considered a single group because of the specificity for the plant host (Gaur and Sen 1979) , serological and antigenic characteristics (Kingsley and Bohlool 1983) , growth characteristic, and polymorphism of nifHD genes (Cadahia et al. 1986 ). However, on the basis of their growth rate, they were classified as Rhizobium loti (fastgrowing rhizobia) by Crow et al. (1981) and Jarvis et al. (1982) , or as Bradyrhizobium sp. (slow growers) by Jordan (1982) . The distribution of chickpea rhizobia within two different genera based on the wide range of generation times has been discussed (Okon et al. 1972; Jordan 1984; Chakrabarti et al. 1986) . Later, based on a polyphasic study, Nour et al. (1994a Nour et al. ( , 1994b Nour et al. ( , 1995 identified and proposed two new genomic species: Rhizobium ciceri and Rhizobium mediterraneum, which were later transferred to the Mesorhizobium genus (Jarvis et al. 1997) . In our work, in contrast to what has previously been suggested, the dendrogram based on 16S rRNA genes polymorphism showed that chickpea rhizobial strains were closer to Mesorhizobium or Sinorhizobum species and distant from Bradyrhizobium.
We conclude that rhizobia strains isolated from chickpea nodules in Moroccan soils are both phenotypically and genetically diverse. Most of these rhizobia belong to the Mesorhizobium genus and are closely related to Mesorhizobium ciceri, Mesorhizobium loti and Mesorhizobium mediterraneum. However, we found that four strains have 16S rRNA genes similar to Sinorhizobium and have distinct phenotypic characteristics compared with Mesorhizobium isolates. To our knowledge, this is the first report showing that Cicer arietinum L. can be also nodulated by rhizobia of the Sinorhizobium genus. Further analysis will be required to verify the phylogenetic position of the chickpea rhizobia characterized in this work.
